The small brown planthopper, Laodelphax striatellus, is a phloem-feeding pest in many important crop plants such as rice and wheat in China. Phloem sap is rich in simple sugars, but low in nitrogenous organic compounds and especially low in essential amino acids. It would be of interest to determine whether this unbalanced diet is compensated for by intracellular microbial symbionts. Based on the transcriptome of L. striatellus and reverse transcription-polymerase chain reaction, we identified 23 fragments that encoded 17 enzymes contributing to amino acid biosynthesis. Sequence alignment, codon usage bias, and phylogenetic analysis indicate that three genes originate from symbiont and the remainder from insect host. It is suggested that enzymes from L. striatellus are responsible for amino group donor synthesis, ammonium assimilation, and biosynthesis of nine amino acids, including glutamate, glutamine, proline, aspartate, asparagine, alanine, serine, glycine, and tyrosine. The biosynthesis of methionine might be catalyzed by enzymes from both host insect and symbiont. Symbiont enzymes are implied to be involved in the biosynthesis of valine, leucine, isoleucine, lysine, and tryptophan. The enzymes catalyzing the syntheses of arginine, threonine, phenylalanine, histidine, and cysteine are not found. Our results imply that the symbionts may partially compensate for the amino acid requirements of L. striatellus.
Introduction
The small brown planthopper, Laodelphax striatellus, is a phloem-feeding pest in many important crop plants such as rice and wheat in China. In general, phloem-feeding pests, such as the pea aphid Acyrthosiphon pisum, lack the capacity for de novo synthesis of ten protein amino acids, namely histidine (His), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr), tryptophan (Trp), valine (Val), and arginine (Arg), [1] [2] [3] and typically must absorb them from their food. These amino acids are called essential. However, phloem sap is rich in simple sugars, but low in nitrogenous organic compounds and especially low in essential amino acids. In rice phloem sap, for example, sucrose and amino acids are 17%-25% and 3%-8% (w/v), respectively. Among the free amino acids, asparagine (Asn) (17%-33% on a molar basis), glutamate (Glu) (6%-14%), serine (Ser) (10%-13%), glutamine (Gln) (7%-15%), Thr (5%-6%), and Val (6%-7%) dominate. 4 Similarly, among the dominant amino acids in wheat phloem sap are also several nonessential amino acids, such as Glu, aspartate (Asp), and Ser. 5 Intracellular microbial symbionts often compensate for a nutritionally unbalanced diet, 6 ie, microbial symbionts synthesize essential amino acids for their hosts, and at the same time obtain some nonessential amino acids from their hosts. A. pisum, for example, has coevolved with its symbiont Buchnera aphidicola. 7 Symbiont removal and/or manipulative artificial-diet experiments, [8] [9] [10] coupled with whole-genome sequencing of both Buchnera and A. pisum, 1, 3, 11 demonstrate that the biosynthetic capabilities of the holosymbiont (aphid + Buchnera) could meet the nutritional requirements of the host insects. In sum, the association between Buchnera and aphids is an obligate mutualism, which neither can reproduce without the other. [12] [13] [14] Moreover, nitrogen availability is very important to the phloem-feeding insects. Free amino acids are the most important nitrogenous compounds available in phloem sap, predominantly several nonessential amino acids. 15 In phloem saps of several hosts of A. pisum, for example, Asn, Gln, and Glu were dominant. 16 In addition, A. pisum has genes encoding Gln synthetase and Glu synthase. The two enzymes may provide a shuttle for incorporating ammonia into most amino acids through Glu. The two genes are upregulated in bacteriocytes. 17 In L. striatellus, yeast-like endosymbionts live in the fat body cells. [18] [19] [20] The nutritional importance of the symbionts in compensation for amino acid deficiency remains to be confirmed. The transcriptome of L. striatellus has been published, 21 and facilitated the identification of the genes encoding putative amino acid synthesis enzymes. The first goal of this study is to identify these genes. Since condon usage bias (CUB) varies both among species and among genes from the same genome, 22, 23 we used CUB and phylogenetic analyses to determine whether these genes are originated from insect host or its symbiont. Our results showed that the symbionts had some important enzymes catalyzing the biosynthesis of Val, Leu, Ile, Lys, and Trp. Whether the symbionts produce these essential amino acids for their host needs further research to confirm.
Materials and methods

Insect rearing
L. striatellus nymphs were collected from Nanjing (32.0° N, 118.5° E), Jiangsu Province, in China in 2007. The strain has been reared routinely on rice, in an insectary under controlled temperature (28°C ± 1°C), photoperiod (16 hours light/8 hours dark), and relative humidity (more than 80%) since then, with wild stock injections every summer. The rice (Oryza sativa) variety was TN1. Plants were grown in soil at 25°C under a long-day photoperiod (16 hours light/8 hours dark) in a growth incubator. The planthoppers were transferred to fresh seedlings every 10-14 days to assure sufficient nutrition.
Retrieval of the genes encoding putative amino acid biosynthesis enzymes
Reciprocal blast hits were used to search the genes encoding putative amino acid biosynthesis enzymes. The annotated enzymes involved in amino acid biosynthesis from model insects Drosophila melanogaster, Bombyx mori, Anopheles gambiae, Tribolium castaneum, Apis mellifera, and A. pisum were performed against the transcriptome data of L. striatellus using the tBLASTn program, 24 with expectation value less than 1.0E-21. The candidate sequences from L. striatellus were reassembled into contigs using CAP3 software and those unassembled remained as singlets, 25 and then each of the contigs and singlets was compared back to the annotated genomes using BLASTx with default value (E-value # 10) to determine whether the original sequence was the hit. All the selected contigs and singlets were collected as unigenes. These unigenes were edited and translated into proteins by a user-defined Perl program, Microsoft Excel 2007 (Microsoft, Redmond, WA), and bioedit software 26 under Linux or Windows.
RNA isolation and cDNA synthesis
In order to identify key genes involved in biosynthesis of amino acids, three samples mixed with eggs, four to five nymphs (including at least one of the first, second, third, and fourth instars), and sexually mature males and females were collected. The insects were frozen with liquid nitrogen. Total RNA was isolated from the samples following the standard protocol of TRIzol reagent (Life Technologies, Carlsbad, CA). The concentration and quality of total RNA were determined by a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). First-strand cDNA of each sample was synthesized from 1 µg of total RNA template using Moloney murine leukemia virus reverse transcriptase (Takara Bio, Otsu, Japan) and an Oligo (dT) 18 primer.
PCR and sequencing
Reverse transcription-polymerase chain reaction (RT-PCR) was performed to authenticate the sequences of the unigenes. The primers based on the sequences were designed using Primer3 software. 27 Once initial unigenes from each amino acid biosynthesis enzyme were authenticated, they were aligned to the full sequence of this enzyme from model insect or microorganism species. Some short sequence gaps between two aligned unigenes were found. Specific primers were designed based on the two unigenes between each gap, and the gap was filled by RT encoding the amino acid biosynthesis enzymes were authenticated using the primers listed in Table 1 into pGEM-T easy vector (Promega). The ligation reactions were used to transform Escherichia coli DH5α competent cells (Tiangen Bio, Beijing, China). Successful strains were screened with blue/white and standard ampicillin selection. Recombinant plasmids were fully sequenced on an Applied Biosystems (Foster City, CA) 3730 automated sequencer.
Calculation of relative synonymous codon usage
To estimate the CUB among different genes, the relative synonymous codon usage (RSCU) was calculated according to the formula reported previously. 22, 28 RSCU = (g n g
where g ij is the observed number of the ith codon for jth amino acid that has n i type of synonymous codons. A codon with an RSCU value of significantly more than 1.0 or less than 1.0 has a positive or a negative CUB. When RSCU value is not significantly different from 1.0, it means that this codon is chosen equally and randomly.
Phylogenetic analysis
Two candidate enzymes involved in the biosynthesis of amino acids were selected. Their highest hits in other insect species and in microorganisms were collected via BLASTp and tBLASTn (E-value , 10 -3 ). These homologues were aligned using ClustalW with default parameters. 29 The evolutionary history was inferred using the neighbor-joining method. 30 The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed, and the percentage of replicate trees in which the associated taxa clustered together is shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
Results
The predicted enzymes involved in amino acid biosynthesis were identified from the transcriptome of the small brown planthopper, L. striatellus, by manual annotation and analysis. In total, 39 unigenes were obtained. These 39 unigenes were assembled and clustered from short reads. There are inevitably issues with clone contamination and mix-up. RT-PCR was performed to prove the correctness of these unigenes using the cDNA template. After short sequence gaps between aligned unigenes were filled by RT-PCR, a total of 23 fragments were obtained; these fragments encoded 17 enzymes that contributed to amino acid biosynthesis. The sequences were submitted to the GenBank database (GenBank accession numbers JQ861711-JQ861735) except that encoding putative tryptophan synthase (EC 4.2.1.20) (shorter than 200 bp) ( Table 2 ).
Amino group donors and ammonium assimilation
We cloned cDNA fragments encoding asparaginase (EC 3.5.1.1) and Asp transaminase (EC 2.6.1.1) in L. striatellus. Predicted asparaginase fragment is a truncated protein of 181 aa, and has partial ASRGL1-like domains and dimer interfaces. Moreover, two truncated Asp transaminase fragments were obtained, with lengths of 393 and 178 aa, respectively ( Table 2 ). Asparaginase converted Asn to Asp. Asp transaminase catalyzes amino group transfer from Asp or Glu to a keto acid acceptor such as α-ketoglutarate and oxaloacetate. In rice phloem sap, the food of L. striatellus, the dominant amino acids are Asn, Glu, Ser, and Gln. 4 Moreover, Glu, Asp, and Ser were dominant in wheat phloem sap. 5 Following ingestion, L. striatellus may generate large quantities of Asp and Glu by asparaginase and Asp transaminase and use the two amino acids as metabolic precursors or as amino group donors for the biosynthesis of other amino acids.
Pathways of ammonium assimilation in insects may be via two ways mediated by Glu dehydrogenase (EC 1.4.1.3), Gln synthetase (EC 6.3.1.2), and Glu synthase (EC 1.4.1.13). Glu dehydrogenase catalyzes the reductive amination of α-ketoglutarate to yield Glu. Gln synthetase catalyzes the ATP-dependent amidation of the γ-carboxyl group of Glus to form Gln. Glu synthase catalyzes the reductive amination of α-ketoglutarate, using the amide-N of Gln to form two Glus, one from amination of α-ketoglutarate and the other from deamidation of Gln. In general, herbivores such as L. striatellus feed on green plants that grow under conditions where little ammonium is available, and Gln synthetase and Glu synthase potentially cooperate to incorporate ammonium nitrogen into Glu. 17 Based on the transcriptome of L. striatellus, we identified predicted Glu dehydrogenase (two truncated fragments with lengths of 421 and 341 aa, respectively) and Glu synthase (445 aa) ( Table 2) . We need further research to determine whether Gln synthetase exists in L. striatellus or not.
Moreover, a predicted L. striatellus cystathionine γ-lyase (308 aa) (EC 4.4.1.1) was obtained ( assimilates 2-oxobutanoate and ammonia into l-cystathionine as part of the Met pathway. This may contribute to Met or cysteine (Cys) production but is not expected to form a significant contribution to the amino acid budget, because cystathionine or Met is not a substrate for biosynthesis of other amino acids.
The α-ketoglutarate family of amino acids Amino acids derived from α-ketoglutarate include Glu, Gln, proline (Pro), Lys, and Arg. The biosynthesis of Glu and Gln were discussed above when we considered pathways of amino group donors and ammonium assimilation. Moreover, a cDNA fragment encoding predicted glutaminase (218 aa) (EC 3.5.1.2) was also cloned from L. striatellus, which is an amidohydrolase enzyme and generates Glu from Gln ( Table 2) .
Fragment (153 aa) encoding ∆1-pyrroline-5-carboxylate reductase was cloned from L. striatellus (Table 2 ). This suggests that Pro is derived from Glu via a series of four reactions catalyzed mainly by ∆1-pyrroline-5-carboxylate synthetase (EC 2.7.2.11), glutamate-5-semialdehyde dehydrogenase (EC 1.2.1.41), and ∆1-pyrroline-5-carboxylate reductase (EC 1.5.1.2), just as that in A. pisum.
1,3,11,31
Saccharopine dehydrogenase (EC 1.5.1.10) had transcript in the transcriptome of L. striatellus, which encoded a truncated peptide of 130 aa. This indicated that the metabolism of Lys is via the α-aminoadipate pathway, a common route in Saccharomyces cerevisiae and other higher fungi. 32 
The Asp family of amino acids
The amino acid members of the Asp family include Asp, Asn, Thr, and Ile. Asp and Asn are among the dominant amino acids in rice and wheat phloem sap, the diet of L. striatellus. 4, 5 Moreover, Asp is also formed from oxaloacetate, the citric acid cycle intermediate, by transfer of an amino group from Glu via aminotransferase catalyzed reaction. Asn is also generated by amidation of the β-carboxyl group of Asp. Asn synthetase (EC 6.3.5.4) catalyzes the ATP-dependent transfer of the amido-N of Gln to Asp to yield Glu and Asn. In addition, asparaginase (EC 3.5.1.1) is an enzyme that catalyzes the hydrolysis of Asn to Asp. The transcripts of Asn synthetase were found in the transcriptome of L. striatellus, and the corresponding cDNA fragments were also cloned ( Table 2) .
Ile is included in the Asp family of amino acids because four of its six carbons derive from Asp via Thr and only two from pyruvate. Discussion of Ile synthesis is presented under the biosynthesis of the pyruvate family of amino acids.
The pyruvate family of amino acids
Alanine (Ala), Val, and Leu are derived from pyruvate. Transamination between Glu and pyruvate gives Ala. Ala transaminase (EC 2.6.1.2) catalyzes the transamination. Its transcript was found in the transcriptome of L. striatellus and two cDNA fragments (encoding two truncated peptides of 155 and 133 aa, respectively) were cloned (Table 2) .
Val, Leu, and Ile are three branched-chain amino acids. Two singlets of the branched-chain amino acid transaminase (EC 2.6.1.42) were found in the transcriptome of L. striatellus, and their cDNA fragments were cloned. These two fragments encoded for two truncated peptides of 63 and 51 aa, respectively. The first peptide had a partial substrate-cofactorbinding pocket and homodimer interface on conserved domain of the BCAT-β family ( Table 2 ). Branched-chain amino acid transaminase catalyzes the final reaction in the production of each of the three branched-chain amino acids.
The 3-phosphoglycerate family of amino acids
Ser, glycine (Gly), Cys, and Met are derived from the glycolytic intermediate 3-phosphoglycerate (3-PG) family. Catalyzed by 3-PG dehydrogenase (EC 1.1.1.95), 3-PG yields 3-phosphohydroxypyruvate, which as an α-keto acid is a substrate for transamination by Glu to give 3-phosphoserine. Phosphoserine phosphatase (EC 3.1.3.3) then generates Ser. The transcript of phosphoserine phosphatase was found in the transcriptome of L. striatellus, and 1 cDNA fragment encoding a truncated peptide of 152 aa was cloned (Table 2) .
Moreover, Ser hydroxymethyltransferase (EC 2.1.2.1) and Ala-glyoxylate transaminase (EC 2.6.1.44) were predicted and their cDNAs were cloned in L. striatellus (Table 2 ). This indicated Gly is made via two enzymatic processes. Firstly, Ser hydroxymethyltransferase catalyzes Ser decomposition to form Gly and N 5 ,N 10 -methylenetetrahydrofolate. Secondly, Ala-glyoxylate transaminase catalyzes the transamination between Ala and glyoxylate to generate pyruvate and Gly.
Two orthologues of D. melanogaster genes encoding cystathionine γ-lyase (EC 4.4.1.1) and cystathionine β-synthase (EC 4.2.1.22) were also cloned in L. striatellus. These enzymes may mediate sequential reactions in the biosynthesis of Met from Cys in L. striatellus ( Table 2) .
The phosphoenolpyruvate and erythrose-4-P family of amino acids
The aromatic amino acids, Phe, tyrosine (Tyr) and Trp, are derived from a shared pathway that has chorismate. Codon usage bias of genes encoding amino acid biosynthesis enzymes Different codons are used to different extents, and every genome shows particular codon preferences. 22 Among 17 enzymes in L. striatellus contributing to amino acid biosynthesis, saccharopine dehydrogenase, branched-chain amino acid transaminases, and Trp synthase were similar to those from microorganisms (Table 2) ; they may be symbiontoriginated and the genes encoding them should show CUB. Therefore, the genes encoding the 17 enzymes involved in amino acid biosynthesis in L. striatellus were separated into two groups: three genes presumably originated from symbiont and remains from the insect host. Their RSCU values were calculated (Table 3) .
As expected, there was a marked variation in codon-usage pattern between the two groups. Out of the 64 codons corresponding to the 20 standard amino acids and stop signals, RSCU values of 27 codons from the genes presumably originated from symbiont were more than 1, and 13 codons had RSCU values of more than 1.5. Among the 27 codons, eleven were C-ended, nine G-ended, five A-ended, and two T-ended. For genes presumably originated from host insect, RSCU values of 29 codons were more than 1, and five codons had RSCU values of more than 1.5. Among the 29 codons, three were C-ended, four G-ended, ten A-ended and twelve T-ended. It seems that the genes presumably originated from symbiont preferentially used C-and G-ended codons, and those from L. striatellus preferred A-and T-ended ones (Table 3) .
Phylogenetic analysis
To further determine whether the three enzymes were originated from symbiont and the others from host insect, two proteins in each group -branched-chain amino acid aminotransferase and cystathionine γ-lyase -were selected. Their phylogenetic relationships to corresponding proteins from representative insect species and microorganisms were compared by neighbor-joining trees (Figures 1 and 2) .
Branched-chain amino acid aminotransferase from the transcriptome of L. striatellus formed a group with that from A. funigatus, supporting by a 99% bootstrap replicate, and was far from those originated from Insecta. In contrast, all cystathionine γ-lyases, including that from the transcriptome of L. striatellus, formed a cluster, and those from the microorganisms formed other clusters (Figures 1 and 2) . This result provides another indirect proof to support the claim that some putative enzymes for amino acid biosynthesis in L. striatellus were encoded by symbiont genes.
Discussion
It is known that A. pisum, a phloem-feeding pest, lacks the capacity for de novo synthesis of ten protein-amino acids, namely His, Ile, Leu, Lys, Met, Phe, Thr, Try, Val, and Arg. A primary bacteria endosymbiont, Buchnera aphidicola, is housed inside bacteriocytes of A. pisum. 7 The enzymes encoded by the bacteria genome are responsible for the biosynthesis of Thr, Lys, Trp, Phe, His, and Arg. The other four essential amino acids -Val, Leu, Ile, and Met -were biosynthesized in cooperation with aphid and bacteria enzymes. 17, 31 Thus, the biosynthetic capabilities of the holosymbiont (aphid + Buchnera) were able to meet the nutritional requirements of the host insects. The aphid/Buchnera association is obligate and mutualistic, with neither partner being able to reproduce in the absence of the other. [12] [13] [14] Since aphids have bacterial symbionts, whereas planthoppers have yeast-like symbionts, and comparative studies on amino acid biosynthesis of L. striatellus-symbiont and A. pisum-Buchnera systems are interesting. From the transcriptome of L. striatellus, we identified 23 fragments that encoded 17 enzymes contributing to amino acid biosynthesis. Sequence alignment, CUB, and phylogenetic analyses indicated that three enzymes originate from symbiont and the remains from insect host. It is suggested that enzymes from L. striatellus are responsible for amino group donor synthesis, ammonium assimilation, and biosynthesis of nine nonessential amino acids, including Glu, Gln, Pro, Asp, Asn, Ala, Ser, Gly, and Tyr. The biosynthesis of Met might be catalyzed by enzymes from both host insect and submit your manuscript | www.dovepress.com 4 and wheat 5 phloem saps, Asn (Asp) and Glu dominated. In alfalfa phloem sap, the diet of A. pisum, Asn comprises approximately 70% of the total amino acid content. 33 Following ingestion, both L. striatellus and A. pisum convert Asn by the enzyme asparaginase to generate Asp, which is then transaminated to α-ketoglutarate by Asp transaminase to liberate Glu. 1, 31 Secondly, the pathway of ammonium assimilation is the same in both L. striatellus and A. pisum. In L. striatellus, Gln synthetase and Glu synthase may potentially cooperate to incorporate ammonium nitrogen into Glu. Gln synthetase and Glu synthase are also upregulated in bacteriocytes in A. pisum. 17 Moreover, the Gln synthetase/Glu synthase cycle has also been characterized in vivo in mosquitoes and silkworms. [34] [35] [36] [37] [38] In mosquitoes, Gln synthetase and Glu synthase are highly expressed in the fat body following a blood meal 34 and involved in ammonia detoxification. 39 In silkworms, Glu synthase activation in the posterior silk glands allows enhanced utilization of nitrogen (in the form of Glu converted from Gln) for the synthesis of silk protein. [36] [37] [38] an efficient and effective way of ammonium assimilation in many insect species.
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Amino acid biosynthesis enzymes in Laodelphax striatellus
In contrast, several differences were also found in amino acid biosynthesis between L. striatellus-symbiont and A. pisum-Buchnera systems. Firstly, two pathways have evolved for Lys biosynthesis, the diaminopimelic acid route (DAP) from Asp and the α-aminoadipate (AAA) pathway from α-ketoglutarate. 40 Our data indicated that the metabolism of Lys in L. striatellus-symbiont holosymbiont is via the AAA pathway, a common route in Saccharomyces cerevisiae and other higher fungi. 32 In contrast, Lys in A. pisum was generated by the DAP pathway, subsequently catalyzed by bacterium enzyme Asp kinase (EC 2. Secondly, branched-chain amino acid transaminase catalyzes the final reaction in the production of three branchedchain amino acids: Val, Leu and Ile. In the A. pisum-Buchnera system, the gene encoding branched-chain amino acid transaminase comes from the host genome. The biosynthesis of Val, Leu, and Ile requires within-pathway metabolic collaboration between symbiotic partner and A. pisum. Catalyzed by bacterium acetolactate synthase (EC 2.2.1.6, IlvHI), ketol-acid reductoisomerase (EC 1.1.1.86, IlvC), dihydroxy-acid dehydratase (EC 4.2.1.9, IlvD), and aphid branched-chain amino acid transaminase (ACYPI008372, EC 2.6.1.42), pyruvate was used to generate Val, using Glu as an amino donor. Similarly, pyruvate was applied to synthesize Leu, catalyzed by bacterium IlvHI, IlvC, IlvD, 2-isopropylmalate synthase (EC 2.3.3.13, LeuA), isopropylmalate isomerase (EC 4.2.1.33, LeuCD), 3-isopropylmalate dehydrogenase (EC 1.1.1.85, LeuB), and aphid ACYPI008372. Catalyzed by aphid Thr ammonia lyase (EC 4.3.1.19, ACYPI006784), Thr was transferred to 2-oxobutanoate, and the latter was further transferred to Ile by bacterium IlvHI, IlvC, IlvD, and aphid ACYPI008372. 1, 3, 31 In the L. striatellus-symbiont system, however, branched-chain amino acid transaminase seems to originate from symbiont. Therefore, the symbionts in L. striatellus were responsible for the biosynthesis of Val, Leu, and Ile.
In summary, our results indicate that amino acid biosynthesis in the L. striatellus-symbiont system is a complex, energy-requiring process, and requires metabolic collaboration between the symbiotic partner and the host. The major weakness of our data is that we used gene fragments, rather than the complete cDNAs in the present paper. This may affect the calculated RSCU values and the phylogenetic tree constructions. We will carry out further experiments to address this issue.
